We have developed a new method to fabricate biepitaxial YBa 2 Cu 3 O 7−δ (YBCO) Josephson junctions at the nanoscale, allowing junctions widths down to 100 nm and simultaneously avoiding the typical damage in grain boundary interfaces due to conventional patterning procedures. By using the competition between the superconducting YBCO and the insulating Y 2 BaCuO 5 phases during film growth, we formed nanometer sized grain boundary junctions in the insulating Y 2 BaCuO 5 matrix as confirmed by high resolution transmission electron microscopy. Electrical transport measurements give clear indications that we are close to probing the intrinsic properties of the grain boundaries.
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With the advances in nanotechnologies it has become important to develop quantum limited sensors which allow to measure the physics of very small objects with nanometer size resolution.
Josephson junction based nanodevices, as an example nanoSQUIDs (Superconducting Quantum Interference Device), are very attractive for their extreme sensitivity to magnetic flux which should allow as ultimate goal the detection of individual spin, 1 for their potentiality in quantum informatics processing based on spin systems 2 and for their employment in scanning SQUID microscopy. 3 The miniaturization of the Josephson junctions is the key issue in this area. Recent advances have prioritized simple fabrication procedures which have led to the use of nanobridge junctions instead of the commonly used Josephson tunnel junctions. In this way planar Al and Nb nanoSQUIDs with excellent noise performances have been fabricated with a single layer superconductive film by e-beam lithography 1 or Focused Ion beam (FIB). 4 The assessment of single layer technology for nanoscale high-temperature superconductor (HTS) Josephson junctions would certainly push this field forward. HTS nanoSQUIDs would allow to study magnetic nanoparticles at much higher magnetic fields when compared to low critical temperature superconductors (LTS).
The miniaturization of HTS oxides has followed different nanofabrication routes compared to the LTS counterpart. There are two main reasons: a) The high temperature involved in the epitaxial growth of thin films (∼ 700 • C) makes standard lift-off patterning procedures not applicable and b) conventional Reactive Ion Etching (RIE) techniques have proven to be ineffective. At present HTS nanostructures are realized by e-beam lithography in combination with a hard mask 5 and ion milling etching or by focus ion beam patterning. 6 7 In both cases the lateral damage of the structures is quite severe due to structural and chemical changes mostly related to oxygen out diffusion and/or Ga implantation. This fact puts severe limits to the smallest HTS Josephson tunnel junction size that can still retain its superconducting properties. In as-fabricated 200 nm wide tunnel junctions the superconductive properties are lost during the fabrication process and only partially recovered after post annealing treatment. 8 Some progress has recently been achieved in fabricating HTS nanoSQUIDs employing nanobridges. 9 However because of the extremely short coherence lengths of HTS superconductors ( of the order of 1-2 nm in the a-b planes for YBCO) the Josephson -like effect in HTS nanobridges is still not well understood. The nanoSQUIDs have a narrow range of working temperature, close to the critical temperature of the nanostructure, which removes one of the main advantage in using HTS based nanosensors.
In this letter we present a new method which combines conventional nanofabrication tech- In what follow we will give a proof of principle of our novel soft nanopatterning by presenting the transport properties of nanojunctions and nanoSQUIDs. The validity of our approach has been further confirmed by transmission electron microscopy (TEM). The TEM provides information about the subsurface structure of the film and also about the interface between the film and the substrate. TEM studies are quite crucial since the superconducting thin film used in this work are deposited by laser ablation and not by sputtering as in previous works. 10 The different kinetics of Electrical measurements were performed both when the interfaces were still 10 µm wide, and after the FIB procedure used to isolate nanojunctions or nanoSQUIDs. The 10 µm wide junctions were also measured before and after acquiring an image using an Ion Ga-source with the same energy as the one used to fabricate the nanodevices. Since the current-voltage characteristic (IVC) only changed a few percent we concluded that the properties of the nanojunctions forming the parallel array were not affected by the FIB cutting procedure.
For all samples we have recorded the critical current (I C ) dependence on the external magnetic field (B). This measurement is an important tool to get information about the uniformity of the critical current distribution across the grain boundary. All the electrical measurements were carried out at 280 mK and 34 K using an Oxford Instruments Heliox VL 3 He system. We have characterized a number of single nanojunctions and nanoSQUIDs. 19 20 Flux trapping at the greenphase spots, in the wide electrodes, makes magnetic field measurements at temperatures higher than 40 K quite challenging. This can be improved by optimizing the geometry of the electrodes. 21 22 However since the Josephson current has an almost linear temperature dependence we expect working nanoSQUIDs at temperatures close to 77 K.
The dramatic change in magnetic field dependence of the Josephson current after the FIB procedure gives strong indications that our new soft nanostructuring approach works. However, It do not allow to distinguish, in an unambiguous way, between a grain boundary consisting of an array of parallel nanochannels and a single grain junction with a highly nonuniform critical current distribution. This would be a possible scenario, for example, if the nucleation of greenphase is not on the bare MgO(110) substrate but on a thin superconductive layer due to overgrowth. To confirm that we are probing an array of YBCO nanochannels embedded in a insulating greenphase matrix it is important to show that the greenphase particles extends all the way from the substrate/film interface up to the film surface. This information cannot be extracted using SEM. We have used high resolution TEM to reveal the interfacial microstructure with high spatial resolution in combination with electron diffraction to confirm the crystal structure of Y 2 BaCuO 5 . The TEM specimen were prepared using a combined FIB/SEM that allowed site specific extraction of grain boundary junctions. Here we show the results for a nanoSQUID with approximately the same dimensions as that of figure 4 showing the same Josephson phenomenology. Cross section SEM images were recorded during the specimen preparation, see figure 5 a). A greenphase particle adjacent to a YBCO nanochannel is seen in figure 5 b) . It should be noted that the particle had nucleated at the film/substrate interface and extended all the way up to the film surface. Electron diffraction and Fourier transforms of high resolution TEM images showed that the particle was of the Y 2 BaCuO 5 phase. This was in accordance with the energy dispersive x-ray (EDX) analysis.
It is now important to compare the transport properties of nanoscale biepitaxial Josephson junctions made by soft nanopatterning with those fabricated with conventional methods. Josephson effect was observed, they instead showed a highly resistive IVC (R N ∼ 100 kΩ -100 MΩ). Only junctions with widths of at least 300 nm had a finite critical current.
From the modulation period of the I C (B) patterns for the junctions fabricated using the conventional method it is possible to get an estimation for the effective width of the superconducting region and in this way determine the extent of the lateral damage. Considering the expression: 16 24 ∆B=1.84Φ 0 /w 2 e f f one can retrieve the actual width of the superconducting junction, w e f f . The conventionally fabricated junction shown in figure 6 b) modulates on a field scale on the order of Tesla. For these field scales flux trapping is an issue. The recorded magnetic pattern was quite irregular with several jumps in I C . However, we were able to unambiguously extract a modulation period of ≈ 1 T which gives w e f f ≈60 nm. The nominal size of this junction is 300 nm which indicates that a significant part of the grain boundary has lost its superconductive properties during the milling process. This estimation together with the fact that all 200 nm wide junctions do not show any Josephson effect, is consistent with a non superconducting layer of more than 100 nm formed on each side of the device, also inferred by other groups. 8 This effect clearly limits the smallest size we can achieve with the conventional method.
On average samples fabricated with the soft patterning method have critical current densities figure 2 , a) before and b) after the FIB cut. The measurements where performed at 300 and 280 mK respectively. c) I vs B for the same nanoSQUID at 34 K. The amplitude of the second harmonic components decrease faster with increasing temperature than the first harmonic components. 19 20 The hump structure was almost completely suppressed in this measurement. This further suggests that the unconventional shape of the I C vs B can be explained by including a second harmonic component in the CPR leading to an h/4e oscillation period (here h is Planck's constant and e is the electron charge). Here the nominal junction width is 300 nm, the effective width (w e f f ) extracted from the modulation pattern is ≈60 nm. The presence of a second switch is due to the specific design, with two Josephson junctions in series employed to study charging effects.
